In patchy habitats, the relationship between animal abundance and cover of a preferred habitat may change with the availability of that habitat, resulting in a functional response in habitat use. Here, we investigate the relationship of two specialized herbivores, willow ptarmigan (Lagopus lagopus) and mountain hare (Lepus timidus), to willows (Salix spp.) in three regions of the shrub tundra zone-northern Norway, northern European Russia and western Siberia. Shrub tundra is a naturally patchy habitat where willow thickets represent a major structural element and are important for herbivores both as food and shelter. Habitat use was quantiWed using feces counts in a hierarchical spatial design and related to several measures of willow thicket conWguration. We document a functional response in the use of willow thickets by ptarmigan, but not by hares. For hares, whose range extends into forested regions, occurrence increased overall with willow cover. The occurrence of willow ptarmigan showed a strong positive relationship to willow cover and a negative relationship to thicket fragmentation in the region with lowest willow cover at landscape scale, where willow growth may be limited by reindeer browsing. In regions with higher cover, in contrast, such relationships were not observed. DiVerences in predator communities among the regions may contribute to the observed pattern, enhancing the need for cover where willow thickets are scarce. Such region-speciWc relationships reXecting regional characteristics of the ecosystem highlight the importance of large-scale investigations to understand the relationships of habitat availability and use, which is a critical issue considering that habitat availability changes quickly with climate change and human impact.
Introduction
The availability of suitable habitats determines the distribution of animals at diVerent scales (Johnson 1980; Mayor et al. 2009; Orians and Wittenberger 1991) . As animals select their habitat to meet all their needs for successful reproduction and survival, the optimal habitat is often composed of a mixture of patches of several habitat types (Orians and Wittenberger 1991) . For instance, diVerent habitats may be optimal for foraging, shelter and/or breeding, resulting in trade-oV situations (e.g., Mysterud et al. 1999) . Habitat and landscape selection can in such cases vary in space in relation to changes in availability of important landscape elements (Fortin et al. 2008) . A positive relationship between animal abundance and cover of a particular habitat may, for instance, be restricted to a certain range of cover values and Xatten out or even decrease at higher values, meaning that the preference for a given type of habitat may change with its availability. Such a relationship has been deWned as a functional response in habitat use (Mysterud and Ims 1998) . Understanding how animal abundance and habitat area are related is an important question in ecology, in particular as the availability of habitats changes quickly with climate change and human impact.
Shrubs provide important ecological functions in many open habitats (Ripple and Beschta 2005) . Willow thickets are a characteristic component of shrub tundra vegetation (Chernov and Matveeva 1997; Walker et al. 2005 ) and represent a good example of a patchy habitat. Willows (Salix spp.) usually grow along rivers or on slopes and are often the tallest plants in the tundra landscape (Pajunen 2009; Pajunen et al. 2010) . The thickets represent a major structural element and are highly productive habitats compared to the surrounding low-statured tundra vegetation. They provide food, shelter and/or breeding sites for numerous species of insects, birds and mammals (den Herder et al. 2004 Herder et al. , 2008 Ims et al. 2007; Henden et al. 2010) . Under global change, the growth of shrubs is increasing in the tundra, and shrubs are expanding northwards (Sturm et al. 2001; Tape et al. 2006; Wookey et al. 2009 ). At the same time, in some parts of the Arctic, willow growth is reduced and thickets are fragmented due to intense browsing by abundant ungulates, mostly reindeer (Rangifer tarandus) (Den Herder et al. 2004 Forbes et al. 2009; Kitti et al. 2009 ). These two opposing processes lead to varying areal extent of willows in climatically comparable regions (Pajunen et al. 2010) .
Two important herbivores, the willow ptarmigan (Lagopus lagopus, hereafter ptarmigan) and the mountain hare (Lepus timidus, hereafter hare) can be considered as willow specialists in Arctic environments. Ptarmigan depend strongly on willow shrubs, which constitute their most important food resource (West and Meng 1966; Andreev 1988; Elson et al. 2007; Hakkarainen et al. 2007 ) and provide cover in an otherwise barren landscape, in particular in winter (Estaf'ev and Mineev 1984; Tape et al. 2010) . Recently, Henden et al. (2011) documented increased occurrence of ptarmigan in patches with higher cover of willow thickets in north-eastern Norway. At the same time, they reported a negative eVect of increased fragmentation of willow thickets. Hares are a widespread species in the tundra and boreal forest of Eurasia (Kolosov et al. 1965; Newey et al. 2007 ). In the erect shrub tundra in the northern part of their range, willow thickets and the adjacent productive meadows are the optimal habitat for hares (Labutin 1988; Shtro 2006) . Willow shrubs are main food plants in winter and spring (Pavlinin 1997; Newey et al. 2007 ), whereas they constitute a sheltered habitat for reproduction in summer (Labutin 1988) .
The relationship of these two specialized herbivores to willow thickets, whose extent varies strongly between regions in the shrub tundra, represents a good model system to investigate whether habitat use changes in relation to availability. The aim of our study is to determine whether regional abundance of ptarmigan and hare and the intensity of use (i.e. selection) of willow habitats, changes with the availability of this habitat, which is liable to change in response to impacts of climate and abundant ungulates. Building on the study of Henden et al. (2011) on ptarmigan in Finnmark, northernmost Norway, we applied the same method-counts of fecal pellets on permanent plots in replicate riparian landscapes-in two comparable tundra regions in the Russian Arctic. The three regions form a gradient in the amount of willow thickets. SpeciWcally, we asked whether there was a general positive relationship between the amount of willows at a large scale (landscape scale) and the occurrence of ptarmigan and hares, and whether these two herbivores also consistently preferred willow thicket habitats in regions with more willows. In a second step, we investigated whether the positive eVect of willow cover and the negative eVect of fragmentation at a smaller scale on the presence of ptarmigan reported by Henden et al. (2011) were also observed in regions with more willow thickets. Finally, we asked whether hare reacted in the same way to diVerences in the conWguration of willow thickets.
Materials and methods

Study areas
The study was carried out in three regions within the southern arctic shrub tundra zone (Walker et al. 2005) : Finnmark in north-eastern Norway (70.4°N, 29°E), the Nenetsky Ridge in Nenetsky Autonomous Okrug, Russia (68.3°N, 53.3°E) and southern Yamal, Russia (68.2°N, 69.1°E (Fig. 1) .
The study area in Finnmark has been described in detail in Henden et al. (2010) and Killengreen et al. (2007) . The landscape is mountainous with elevations up to 500 m a.s.l. and sparse vegetation above 400 m. The mountain slopes are dominated by heaths mainly composed of dwarf shrubs, whereas the valleys are more productive and willow thickets surrounded by meadows grow on the riparian plains forming the valley bottom. The thicket communities in this region resemble the forb-rich types described by Pajunen et al. (2010) , but diVer from them in exact species composition. The coast near tundra on Varanger Peninsula in the eastern part of the area is classiWed as erect dwarf shrub tundra (Walker et al. 2005 ), but there is large intra-zonal variation due to topography and a variety of substrate types (Virtanen et al. 1999) . The western part of the area at Ifjordfjellet lies in sub-arctic alpine tundra with similar main vegetation characteristics (Killengreen et al. 2007 ).
Nenetsky Ridge is situated in the buVer zone of the State Nature Reserve Nenetsky and consists of a tundra plateau with gentle slopes reaching up to 140 m a.s.l. Our study area is situated on the eastern slope of the Ridge. It includes three rivers with relatively deep (up to 70 m) and narrow (ca 300 m) valleys. Two of the valleys do not have a Xoodplain at their bottom, and the river Xows directly between the two slopes. The river valleys are dominated by willow thickets (mainly S. glauca and S. phylicifolia) interspersed with lush meadow vegetation characterized by high species diversity and plants of high productivity (Skogstad 2009 ). The thicket communities in the valleys belong to the forbrich types of Pajunen et al. (2010) , resembling the SalixTrollius-Geranium type and the Salix-Comarum palustreFilipendula ulmaria type. Some willow thickets also grow on the plateau, interspersed with tundra vegetation.
The study area in Yamal is situated in the southern part of the Peninsula, close to the conXuence of the Payutayakha and Erkutayakha rivers. It is characterized by Xat tundra interspersed with hills (up to 40 m high) with sometimes steep slopes, and sandy cliVs along rivers. The tundra is subdivided by a dense network of rivers and lakes, and many low lying areas are Xooded in spring. The area lies at the border between erect dwarf-shrub tundra and low-shrub tundra (Walker et al. 2005) . Willow thickets are sometimes interspersed with Alnus and form communities which are close to the S. glauca-Carex aquatilis type (Pajunen et al. 2010) . Some of the thicket communities can also be classiWed as Salix lanata-myosotis nemorosa type.
Study design
Our study followed a hierarchical design with several nested levels. At the largest scale, we compared the three study regions (Fig. 1) . The region Finnmark consisted of three sub-regions which will here be treated collectively, because ptarmigan response to willow thicket areal extent and fragmentation was highly consistent among them (Henden et al. 2011) . In each study region or sub-region Fig. 1 The study regions relative to the Bioclimatic subzones deWned by Walker et al. (2005 sampling plots were arranged in units (two to four; see Fig. 1a ), usually valleys. Within units, study plots were selected along willow thickets growing along the river as well as in the adjacent tundra (Fig. 1b-d) . The selection of units and plots within units was made to cover the existing variation in willow thicket areal extent and fragmentation within the unit. Units were separated by at least 2 km. Willow thicket plots (W) and tundra plots within each unit were, as far as possible, arranged as pairs or triplets (Fig. 1b, c) . Plots in tundra vegetation were thus chosen in proximity of W plots; however, at least 30 m from the edge of meadows or thickets. The nearest neighbor distance between plots in the same habitat was on average 513 m (min 129, max 2,359 m) and the distance between plots belonging to the same pair/triplet was on average 151 m (min 36 m, max 420 m).
The vegetation on W plots, a productive meadow dominated by herbaceous dicotyledons and grasses, placed along a willow thicket ( Fig. 1d ; Henden et al. 2010) , was chosen to be as homogenous as possible within and among the diVerent study regions and to represent the most productive parts of the ecosystem. We chose willow thickets that were at least 0.5 m high and were growing on riparian plains or valley/hill slopes. Thickets growing on rocks or in mires, or which were Xooded were excluded . Tundra plots, in contrast, diVered among the regions. In Finnmark, tundra plots were chosen to represent the dwarf shrub heath that dominates the tundra landscapes in northern Fennoscandia (Virtanen et al. 1999; Moen 1998) . These heaths are mainly composed by evergreen (Empetrum nigrum hermaphroditum) and deciduous dwarf shrubs (Vaccinium spp., Betula nana; Ravolainen et al. 2010) . In Nenetsky, tundra plots were chosen in two of the most common vegetation types: Shrub tundra plots (S) were characterized by B. nana and ericoid shrubs (Vaccinium spp., Rhododendron tomentosum), interspersed with sedges (Carex spp.) and Rubus chamaemorus, and hummock tundra plots (H) were dominated by cottongrass tussocks (Eriophorum spp.) interspersed with dwarf shrubs and R. chamaemorus (Skogstad 2009 ). In Yamal, tundra plots were also chosen in two vegetation types which dominated in the landscape: dry tundra plots (D) were characterized by ericoid dwarf shrubs, mainly R. tomentosum but also Vaccinium spp., B. nana and Eriophorum spp., and moist tundra plots (M) were dominated by thick layers of Shagnum moss together with Carex spp. and Eriophorum spp. tussocks, interspersed with R. chamaemorus and B. nana. Most tundra plots were situated on slopes or in the upland tundra, except the moist tundra plots in Yamal, which were placed in the lower Xat tundra. Because of the conWguration of the landscape, most plots were not grouped as triplets in Yamal.
Feces counts and willow thicket variables
Ptarmigan and hares produce conspicuous fecal pellets, which can be used as index of abundance and habitat use (Krebs et al. 2001; Evans et al. 2007; Ims et al. 2007 ). In Varanger, the willow ptarmigan is sympatric with the rock ptarmigan (Lagopus muta). However, the rock ptarmigan mainly uses other habitat types, at higher altitudes than considered in this study. Fecal pellets were counted in eight permanently marked small quadrates of 0.5 £ 0.5 m arranged around a 15 £ 15 m study plot (Fig. 1d ). Counts were performed twice per year, shortly after snow melt in spring (spring) and in the second part of August/beginning of September ( However, here we are primarily focussing on the relative abundance of fecal pellets in relation to willow thicket conWguration and the possible accumulation is unlikely to bias the results on relative habitat use.
The areal extent and degree of fragmentation of willow thickets were derived from aerial photographs (Finnmark) as described in Henden et al. (2010) , or from Quickbird satellite images with a resolution of 0.6 m (Russian regions; DigitalGlobe™ 2001). For the Russian regions, the outlines of the thickets were digitized in ArcGIS (ESRI™). Thickets were considered distinct when they were separated by an open area of at least 2 m, as such an opening could be identiWed with reasonable conWdence on the pictures. We quantiWed the areal extent of willow thicket as percent willow cover in squares of 2 £ 2 km (C-land) and 200 £ 200 m (C-loc) using the software FRAGSTATS (McGarigal et al. 2002) . Squares were centered on each study plot (except for C-land in Finnmark where the measurement was centered on each unit). Thicket fragmentation was quantiWed as patch density (number of patches per 4 ha; PD) and edge density (meters of edge per 4 ha; ED) measured in squares of 200 £ 200 m centered on each plot. An increase in both of these measures reXects increased fragmentation or shredding (cf. Feinsinger 1994) of willow thickets. Choice of spatial scale is important in habitat selection studies (e.g., Mayor et al. 2009; Henden et al. 2010) . However, in the absence of speciWc data on the scale of area use of individual hares and ptarmigan in the study regions, the focal scales were chosen arbitrarily based on the spatial constraints of the study design; the local scale was the largest possible avoiding overlapping willow conWguration measurements, whereas the landscape scale corresponded roughly with the size of the study units.
The vertical structure of the willow thickets was described by willow height (W-height) and density (W-density). These were measured at four points situated at 1 m inside the edge of the willow thicket along the side of the plot. Density was determined as the number of times a willow bush (leaf or branch) touched a vertical pole placed at the measuring point (point intercepts) and height was the highest willow branch within 25 cm of the pole. The mean of the four measurements was taken as the value for each plot.
Statistical analysis
The data were analyzed at two hierarchical levels for each species. First, in order to compare the eVect of C-land in the three regions, the analysis was carried out at the level of the unit. Estimates of C-land thus originated from spatially non-overlapping squares for each replicate, minimizing spatial autocorrelation (Eigenbrod et al. 2010 ). The number of small quadrats with presence of feces was summed over all study plots belonging to the same habitat type within each unit, season and year and used as binary response variable (number of small quadrats with presence versus number of small quadrats with absence per habitat/unit/season/ year, referred to as occurrence in the following). Generalized linear mixed eVects model (GLMM) with a logit link and a binomial distribution were used for the analysis. Fixed eVects were C-land (for the Russian sites an average value was used for each unit), habitat, region, season and year (as factors). We used only the years with observations in all three regions (2007) (2008) (2009) for the statistical analysis. In order to be applicable in all regions, habitat was coded as W versus tundra plots, thus pooling the diVerent tundra types (T, H, S, D, M). Unit identity was used as random eVect to account for repeated measurements in the same plots. C-land was standardized by scaling it with mean = 0 and standard deviation = 0.5 to make eVect estimates comparable with the two-level factor habitat (Gelman and Hill 2007) . The preference of ptarmigan and hares for the diVerent tundra types in the Russian regions was analyzed separately using Chi-square tests.
Second, we considered the eVect of the conWguration of willow thickets directly surrounding each W plot on habitat use by herbivores. Here, we summed the number of small quadrats where feces were present among the eight small quadrats arranged around each plot, and used it as a binary response variable in GLMM as above. C-loc quantiWed willow cover at this scale. We used PD as measure of thicket fragmentation. On the satellite picture from Yamal, it was not always easy to trace edges precisely, and we thus considered PD a more robust indicator of willow fragmentation than ED in this case. Some of the willow conWguration variables were strongly correlated, such as W-height and W-density in Yamal (r = 0.77; Electronic Supplementary Material, ESM, Table S1 ). We nevertheless included them in the analysis, as Smith et al. (2009) showed that in studies of habitat fragmentation it is best to include all variables despite possible correlations. In addition to these four willow conWguration variables, region, year and season were included as Wxed eVects, and plot identity was used as random eVect. For all analyses, the best model was selected among eight candidate models comprising an additive model as well as models with interactions of willow and habitat variables with region, year or season. All willow variables were kept in all candidate models (Smith et al. 2009 ). In addition, an interaction of season with year was considered.
Statistical analyses were carried out in R version 2.9.2 (R Development Core Team 2010). GLMMs were Wtted using the Laplace approximation as implemented in the lme4 package (Bates et al. 2008) . Log-likelihood ratio tests were used to compare the candidate models and a model was considered superior to the next simpler model when P < 0.05. Selected models were checked for constant variance of the residuals, presence of outliers and approximate normality of the random eVects. A few (1-8) outliers were detected in the four analyses. However, since removing them did not alter the results qualitatively and only modiWed estimates slightly, all data were retained in the analysis.
Results
Regional patterns of willow thicket conWguration
The extent and fragmentation, as well as the vertical structure of willow thickets diVered considerably between the regions (Table 1 ). The extent of willow cover at the large scale (2 £ 2 km; C-land) was lowest in Finnmark, much higher in Nenetsky, and intermediate in Yamal. At the local scale, considering willow cover in the vicinity of W plots (200 £ 200 m; C-loc), the contrasts were not as strong, and C-loc was on average lowest in Yamal. The vertical structure of the willow thickets also exhibited a contrasting pattern. Willow thickets were lower in Yamal than in the two other regions, whereas thicket density was highest in Nenetsky (Table 1) . Altogether, the clearest contrasts in willow thicket conWguration variables were between Nenetsky and the two other regions and variation among plots was smallest in Yamal (ESM Fig. S1 ).
Regional patterns of herbivore abundance
There were considerable diVerences in occurrence of ptarmigan and hares between the regions (Fig. 2) . The occurrence of ptarmigan was highest in Nenetsky and lower but rather similar in Yamal and eastern Finnmark. The occurrence of hares was also highest in Nenetsky and somewhat lower in Yamal, whereas hares were almost absent from Finnmark (Fig. 2) . Therefore, this region was excluded from the statistical analysis of hare occurrence. There was a clear seasonal eVect for both species, with fewer feces found in the fall (Fig. 2) . Such a diVerence may partly be due to the diVerence in the length of the seasons (about 2 months in summer compared to the rest of the year). As the fall observation was missing in 2007 and 2009 in Yamal, only spring was analyzed for this region.
Landscape scale habitat use
For ptarmigan occurrence at the large scale, the best model included an interaction between region and the two habitat variables, C-land and habitat, as well as between year and season. Willow cover at the scale of units had no signiWcant eVect on the overall occurrence of ptarmigan in the Russian regions. In Finnmark, in contrast, where willow cover was on average lowest (Table 1) , occurrence increased with C-land (logit estimate = 6.29, SE = 2.06; ESM Fig. S2 ). Considering habitat, in Yamal, occurrence was nearly twice as low on tundra plots as on W plots (logit estimate for T plots with W plots as reference = ¡0.56, SE = 0.26, odds ratio = 0.57). In Finnmark, the preference of ptarmigan for W plots was even stronger (logit estimate for T plots = ¡1.83, SE = 0.30, odds ratio = 0.16), whereas in Nenetsky, where willow cover was on average highest, ptarmigan clearly preferred tundra plots (logit estimate for T plots = 0.96, SE = 0.17, odds ratio = 2.62). In addition, occurrence was signiWcantly lower in fall than in spring, an eVect which was strongest in 2008 (see ESM Table S2 for complete model output). Chi-square tests showed that in Nenetsky overall ptarmigan occurrence did not diVer between the two tundra types ( 2 = 0.11, df = 2, P = 0.74), whereas in Yamal ptarmigan clearly avoided M plots ( 2 = 17.86, df = 2, P < 0.001).
The best model for hare occurrence in the Russian regions at the large scale included interactions of the two habitat variables with year and the interaction between year and season. There was a general positive eVect of willow cover on occurrence per unit (logit estimate = 1.66, SE = 0.31; ESM Fig. S2 ). There was no consistent diVerence between the two habitat types over the years, but more hare feces were found on W plots in 2009 in both regions (see ESM Table S3 for complete model output). As for ptarmigan, occurrence was lower in fall than in spring. The diVerence between the seasons was smaller in 2007 than in subsequent years (ESM Table S3 ). Considering tundra types, hares clearly avoided M plots in Yamal ( 2 = 35.64, df = 2, P < 0.001), whereas in Nenetsky they avoided S plots ( 2 = 13.41, df = 2, P < 0.001). These habitat preferences were consistent over seasons (Fig. 2) .
Local scale habitat use
Considering only willow plots and their direct surroundings (200 £ 200 m), the best model for ptarmigan occurrence included interactions of the willow conWguration variables with region. For Finnmark, we observed a positive eVect of C-loc and a negative eVect of thicket fragmentation, a result consistent with Henden et al. (2011) . In addition, there was a negative eVect of W-height, which was not signiWcant in the previous analysis. The estimates of the eVect of Wheight were, however, not very diVerent between the two analyses, which included a diVerent set of years and explanatory variables (e.g., ED instead of PD). The variables used were strongly correlated, reXecting the same pattern of willow conWguration, but the exact choice of variables to include can modify the estimates of the other eVects (Smith et al. 2009 ). In Nenetsky, in contrast, there was no eVect of any of the willow conWguration variables on the occurrence of ptarmigan and the contrasts in slope with Finnmark as reference level were signiWcant ( Fig. 3 ; ESM Table S4 ). In Yamal, the eVects of willow conWguration were not diVerent from those observed in Finnmark.
For hares, the best model at the local scale included interactions of the willow conWguration variables with season. As fall counts were missing in Yamal, these interactions could be estimated only for Nenetsky. In Nenetsky, PD had a negative eVect on hare occurrence in spring (logit estimate = ¡1.37, SE = 0.37), but not in fall (Fig. 4) . There was also a signiWcant contrast in the eVect of W-height, which was slightly negative in spring but positive in fall ( Fig. 4 ; ESM Table S5 ). Considering only spring counts from both regions produced consistent results and revealed a similar negative eVect of PD, indicating that in winter hares prefer less fragmented willow thickets.
Discussion
For ptarmigan, we showed that the importance of willow thickets for the relative abundance and habitat use decreased with increasing extent of willow thickets in the region. This was the case both at the scale of units and at local scale of plots. Within each region, the eVects were surprisingly consistent over years and seasons. In eastern Finnmark, where willow thickets occupy only a very small proportion of the landscape, are restricted to rather narrow riparian plains and may be additionally fragmented by intense reindeer browsing , there was a signiWcant positive relationship between willow cover at the large scale and the occurrence of ptarmigan. This result was in clear contrast to the Russian regions, where willow cover was higher but did not relate to ptarmigan occurrence. At the same time, the preference of ptarmigan for W plots was highest in eastern Finnmark, whereas in Nenetsky, where willow cover was highest and thickets also occur on the plateau between the valleys, ptarmigan preferred tundra plots. In Yamal, willow cover was intermediate and ptarmigan preferred W plots, but not as strongly as in eastern Finnmark. At the local scale of W plots and their direct surroundings, our results show that the positive eVect of willow cover and negative eVect of fragmentation reported by Henden et al. (2011) for Finnmark was also observed in Yamal. In Nenetsky, in contrast, where W plots were not the preferred habitat, ptarmigan did not select plots with relatively higher willow cover and less fragmented thickets. This may be explained by the general abundance of willows in Nenetsky, but also by the fact that the range of C-loc and PD did not include equally low values in Nenetsky as in the other regions (Table 1) . Altogether, we thus documented a functional response in habitat use (Mysterud and Ims 1998) for ptarmigan with respect to willow thickets-an important resource both as food and as shelter. Ptarmigan show increasing preference for habitats situated at the edge of willow thickets when the amount of thickets on the regional level decreases. This is likely to be also true for the inner part of the thickets, but our observations allowed us only to compare the thicket edge to the open tundra. Furthermore, within regions with low amount of willows (such as in eastern Finnmark), ptarmigan prefer local areas or landscape sections with large homogenous willow thickets. Indeed, the contrasting results between Finnmark and the two Russian sites indicate that willow thickets may be a limiting resource for ptarmigan in Finnmark, where ptarmigan occurrence, a proxy for abundance, decreases strongly with decreasing willow cover, and ptarmigan seldom use open tundra (cf. Henden et al. 2011) . Whether the willows are most important in terms of forage or protective cover is unknown. However, cover may be particularly important in presence of specialized avian predators such as gyr falcon (Falco rusticolus) (Nystrom et al. 2005 ) and golden eagle (Aquila chrysaetos) (Johnsen et al. 2007; Nystrom et al. 2005 Nystrom et al. , 2006 . Both these raptors are quite common year round residents in Finnmark, while they do not breed in the two Russian regions. Furthermore, ptarmigan in Finnmark selected willow thickets equally strongly in summer and in winter, although willow twigs are most foraged in winter (Tape et al. 2010) . The aYnity for willow thickets in summer, when the diet shifts in part to other species such as Dryas spp., Bistorta vivipara or Ericaceae berries (Weeden 1969; Williams et al. 1980) , underlines the importance of willow thickets as cover for ptarmigan in this region. The preference for willow habitats in Yamal in winter was not as strong as in Finnmark and was in fact due to avoidance of the Xat and Sphagnum-dominated M plots. D plots and W plots were used equally in this region, as could be expected if ptarmigan experienced lower predation pressure and thus less need for cover. The preference for tundra habitats in Nenetsky was also consistent with a reduced need for cover, and may be additionally explained by topography and landscape characteristics. Willow thickets in the deep valleys in Nenetsky are likely to be covered by thick layers of snow in winter making them less accessible for foraging than thickets on the plateau. In summer, the lush and high meadow vegetation on W plots (Skogstad 2009 ) may be little suitable for ptarmigan.
In Finnmark, ptarmigan preferred lower willows, but this was not the case in Nenetsky. Yamal, where willow thickets were on average lowest, was not signiWcantly diVerent from Finnmark in this respect, although the parameter estimate was similar to that from Nenetsky (Fig. 3) , not indicating any preference for low willows. The diVerent eVect of willow height is likely to be due to diVerent willow architecture. In Finnmark, W-height and W-density were not correlated, and some of the higher shrubs had few lower branches where ptarmigan could feed. In the Russian regions, willow shrubs were more dense and likely to oVer equal feeding opportunities at diVerent heights.
As overall level of occurrence of ptarmigan was highest in Nenetsky and lower in eastern Finnmark, an alternative explanation for the region-speciWc use of tundra habitat could be density-dependent habitat selection. Accordingly, the use of tundra habitats would increase when the regional abundance increases due to competition for optimal habitats (e.g., Fretwell 1972) . However, habitat use did not diVer between the seasons although the level and mode of competition between ptarmigan is expected to change with seasons as they are territorial in summer but gather in Xocks in winter (Storch 2007) . Thus, we consider this explanation unlikely.
For hares, region-speciWc habitat selection could only be analyzed in the two Russian regions where the contrast in willow cover was less. Nevertheless, our results showed that hare occurrence at the landscape scale was higher where willow cover was higher, and this eVect was not diVerent between the regions. Because their distribution extends far into forested habitats of the boreal and temperate zone (Kolosov et al. 1965) , hares may be less dependent on the characteristic patchy structure of shrub tundra than ptarmigan. Hares did not exhibit any clear preference for a particular habitat. Their occurrence was higher on W plots in 2009, but not in the two other years. At the local scale, hares preferred less fragmented thickets in winter, but this was not the case in summer. In winter, larger thickets may provide more continuous foraging opportunities and better protection. In summer, in contrast, hares feed mostly in open habitats such as meadows (Labutin 1988; Pavlinin 1997) , which are likely to be most accessible in a landscape with smaller willow patches.
In addition to diVerences in region-speciWc habitat selection, our data indicated diVerences in regional abundance of ptarmigan and hares. The overall occurrence of ptarmigan was highest in Nenetsky and lower in Yamal and eastern Finnmark, whereas the occurrence of hares was slightly higher in Nenetsky than in Yamal, and very low in Finnmark (Fig. 2) . Because sampling was stratiWed to include main habitat types in each region, overall occurrence reXects regional abundance. When discussing ptarmigan abundance, the multi-annual population dynamics of the species should be considered (Storch 2007) . In Finnmark, ptarmigan numbers have consistently decreased over recent years, a decline which can neither be explained directly by willow thicket degradation nor by a predator-mediated eVect of small rodent dynamics (Henden et al. 2011) . In Yamal, the years of our study were years of low ptarmigan abundance (V.A. Sokolov, personal communication), whereas the dynamics in Nenetsky are unknown. Nevertheless, overall regional abundance of both species seemed positively correlated with the amount of willow thickets. Several nonexclusive hypotheses may explain the observed diVerences in regional abundance. Assuming that willow thicket growth in Finnmark is aVected by intense reindeer browsing (Den Herder et al. 2004 Kitti et al. 2009 ), a negative impact of reindeer numbers on medium-sized herbivores could be hypothesized ). This interpretation, involving a trophic bottom-up eVect, should, however, be completed by considerations of the predator community, which also diVers between the regions. In addition to the presence of avian predators during winter (see above), red foxes (Vulpes vulpes)-an important predator for both hare and ptarmigan-are more abundant in Finnmark than in the Russian regions, where arctic foxes (V. lagopus) dominate (Killengreen et al. 2007; Arctic Predators project, unpublished) . Raven (Corvus corax) and crow (C. cornix), two generalist predators which have been shown to have a negative impact on rock ptarmigans in Scotland (Watson and Moss 2004) , are also considerably more abundant in Finnmark than in the Russian regions Arctic Predators project, unpublished) . Total predation pressure is thus likely to be higher in Finnmark and may contribute to lower abundance. Our data do not, however, allow us to present more than suggestive correlations concerning regional abundance as many factors, such as multi-annual population dynamics (Storch 2007; Newey et al. 2007) or the inXuence of hunting, which is likely to be stronger in Norway than in Russia, were not considered.
Conclusions
Investigating the importance of willow thickets for two medium-sized herbivores in three diVerent shrub tundra regions revealed clear diVerences in region-speciWc abundance and habitat selection. We document a functional response in the use of willow habitats by ptarmigan, but not for hares. Region-speciWc relationships reXecting the regional particularities of the landscape and ecosystem highlight the importance of large-scale investigations to understand the relationships of habitat availability and use. Under climate change, willow shrubs are likely to expand in the arctic tundra, a process which may be limited by browsing of large herbivores (Post and Pedersen 2008) . Understanding how medium-sized herbivores may react to changes in willow cover and thicket conWguration will add an important element to predictions of how the arctic tundra ecosystem may change in the near future. Willow thickets are, however, only one component of the ecosystem inXuencing abundance and habitat selection of ptarmigan and hare. A complete understanding of the changes in the position of these herbivores in the tundra ecosystem will require the integration of other factors, such as predation (Lima and Dill 1990) .
